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Morphogenesis of MDCK cells in a collagen gel matrix culture various epithelial cell types [1–4]. In particular, Madin-
under stromal adipocyte-epithelial cell interaction. Darby canine kidney (MDCK) epithelial cells are known
Background. The stromal-epithelial cell interaction is essen- to organize the branching tubular structures under theirtial for epithelial morphogenesis. Recently, the specific stromal
interaction with stromal 3T3 fibroblasts in a three-dimen-cell type adipocytes, which abundantly exist in perirenal adi-
sional collagen gel culture system [5]. Furthermore, thepose tissue, have been suggested to affect the biological behavior
of some epithelial cell types. However, adipocyte-renal epithe- fibroblast-derived molecule hepatocyte growth factor
lial cell interaction remains unclear. We thus examined the ef- (HGF) is suggested to be responsible for the morphogen-
fects of adipocytes on the morphogenesis of renal epithelial cells.
esis [6, 7].Methods. The renal epithelial cell line, Madin-Darby canine
Although adipocytes have been considered to be akidney (MDCK), cells were cultured in three-dimensional col-
lagen gel matrix with or without mature unilocular adipocytes. specific stromal cell type that stores excessive energy in
Cultures cells were examined by histochemistry, immunohisto- the form of lipids, they have been suggested to affect the
chemistry, and electron microscopy. biological behavior of some epithelial cell types throughResults. Adipocytes extensively promoted the tubule forma-
their production of various cytokines, including tumortion of MDCK cells in two different manners. In the first type,
necrosis factor- (TNF-), insulin-like growth factor-IIafter approximately 20% of MDCK cells actively adhered to
adipocytes; they organized double-cell structured tubules be- (IGF-II), leptin, adipsin, and heparin binding-epidermal
tween the adipocytes and the gel, contacting directly with the growth factor (HB-EGF) [8, 9]. In the normal kidney,
entire surface of the adipocytes. In the second type, approxi- adipocytes are not observed in the stroma. The kidney,mately 70% of MDCK cells apart from adipocytes also formed
however, is surrounded by abundant adipose tissue intubules that had no contact with adipocytes. The component
cells of both tubule types at the apical side showed microvilli and which adipocytes appear to function actively. We thus
peanut agglutinin lectin-positive stain. These cells at the basal speculated that adipocytes could affect the biological
side had the basal lamina and type IV collagen-positive stain. behavior of renal epithelial cells in a direct or indirect
Conclusions. These results indicate that the specific stromal
manner. To address this issue, we examined the effectscell type adipocytes cause MDCK cells to organize the well-
of adipocytes on the morphogenesis of a renal epithelialpolarized tubular structures in two different manners according
to their direct and indirect interactions, suggesting that adipo- cell line, MDCK cells, using a three-dimensional collagen
cytes may be involved in the regulatory mechanism of renal gel matrix coculture system. The morphogenesis was also
epithelial morphogenesis. analyzed by histology, histochemistry, immunohisto-
chemistry, and electron microscopy.
This study describes, to our knowledge for the first
The stromal-epithelial cell interaction is essential for time, that specific stromal adipocytes promote the char-
the epithelial morphogenesis even at the adult stage. In acteristic morphogenesis of MDCK cells under their di-
fact, several studies have shown that stromal cell-derived rect and indirect interactions, suggesting that adipocytes
factors regulate the proliferation and differentiation of themselves may be involved in the regulatory mechanism
of renal epithelial morphogenesis.
Key words: renal epithelial cells, cellular polarity, apoptosis, growth,
differentiation, perirenal adipose tissue, tubulogenesis.
METHODS
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Fig. 1. Monolayer culture of cell lines and
three-dimensional collagen culture of adipo-
cytes. (A) MDCK cells are polygonal in shape
with epithelial appearance and form continu-
ous pavement. (B) 3T3 fibroblasts are spindle-
shaped. (C and D) Unilocular adipocytes have
large lipid droplets in collagen gel culture. L,
lipid droplet; n, nuclei. Phase contrast micros-
copy (A–C). Hematoxylin-eosin stain (D). Scale
bars are 20 m (A, C, and D) and 50 m (B).
Tissue Culture Collection, Rockville, MD, USA) be- matrix (experiment 1A). As a reference, the following
experiments were done: 4  105 MDCK cells alone (ex-cause it has been used widely to study the epithelial
morphogenesis of the kidney [10–12]. We also used the periment 1B), 4  105 MDCK cells with 5  105 3T3
fibroblasts (experiment 1C), and 4  105 MDCK cellsclone 3B5 line of MDCK cells provided kindly by Profes-
sor T. Nakamura (Division of Biochemistry, Department with 10  105 adipocytes and 5  105 3T3 fibroblasts
(experiment 1D). To observe whether or not adipocytesof Oncology, Biomedical Research Center, Osaka Uni-
versity Graduate School of Medicine, Osaka, Japan). As induce the morphological changes of MDCK cells under
their indirect interaction, the following experiments werea reference, another stromal cell type, Swiss 3T3 fibro-
blasts (ATCC CCL-92; American Tissue Culture Collec- performed. A total of 4  105 MDCK cells was mono-
layer cultured on the surface of collagen gel with (experi-tion), also were used. These two cell types were isolated
from their monolayer cultures by trypsin treatment. Adi- ment 2B) and without (experiment 2A) adipocytes. Fig-
ure 2 illustrates these experimental protocols.pocytes were isolated as described previously [13]. Fat
tissue, which was collected from the periepididymis of a
Three-dimensional collagen gel culture systemfour-week-old male Wistar rat, was minced and digested
with 0.2% collagenase solution according to Rodbell’s The three-dimensional collagen gel culture system was
prepared as described previously [14]. Briefly, eight vol-method. Figure 1 shows the typical features of the three
cell types. These cell types were embedded into collagen umes of type I collagen (Nitta Gelatin Co., Ltd., Osaka,
Japan) were mixed with one volume of tenfold concen-gel according to experimental protocols described in this
section. trated Ham’s F-12 medium and one volume of a recon-
struction buffer (2.2 g of NaHCO3 and 4.77 g HEPES
Experimental design in 100 mL 0.05 N NaOH). This collagen gel solution kept
in ice was mixed with cells according to the protocolsTo estimate the effects of adipocytes on the morpho-
genesis of MDCK cells, 4  105 MDCK cells were cocul- described previously in this article. A total of 2 mL colla-
gen gel solution containing the cells were poured into atured together with 10  105 adipocytes in collagen gel
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Fig. 2. A schema of experimental protocols.
MDCK cells and adipocytes are cocultured in
collagen gel (experiment 1A); MDCK cells
alone (experiment 1B); MDCK cells and 3T3
fibroblasts (experiment 1C); and, MDCK cells,
adipocytes, and 3T3 fibroblasts (experiment
1D). MDCK cells are cultured on cell-free
collagen gel (experiment 2A) and on collagen
gel containing adipocytes (experiment 2B).
culture dish (Iwaki Glass Co. Ltd., Chiba, Japan), and gel also was used, as mentioned previously in this article,
because this Matrigel contains a lot of basement mem-the culture dish was immediately warmed to 37C to
brane-related matrices. A total of 100 mL Matrigel,allow a gel to form. After 30 minutes, when the gel was
which was diluted by 2 with 1 mmol/L HCl, was addedfirm enough, it was covered further with 3 mL/dish Ham’s
to the 1 mL microcarrier solution. After this solutionF-12 medium supplemented with 15% newborn calf se-
was gently stirred by pipetting, the mixture was keptrum and 50 mg/mL gentamicin.
25C for two hours. Extra Matrigel solution was removed
after centrifugation at 5000 rpm/min for five minutes, andCoculture of MDCK cells and Matrigel-coated beads
the microcarriers were dried overnight at 25C. Thesein collagen gel culture
Matrigel-coated microcarriers were applied to cocultureBecause some MDCK cells actively adhered to the
as described previously. As a reference, the Matrigelentire surfaces of adipocytes in this study, we speculated
noncoated microcarriers were used also.that basement membrane materials of adipocytes were
related to the morphogenesis of MDCK cells. To exam- Chemicals added to culture cells
ine this speculation, 4  105 MDCK cells and 10  105 To elucidate the potential role of adipocytes in the
microcarriers (160 to 300 m in diameter; Biosilon; Nalge regulatory mechanism of the morphogenesis, each of the
Nunc International, Roskilde, Denmark) were cocultured following adipocyte-produced cytokines was added to
and coated with growth factor-reduced Matrigel matrix culture medium: (1) 10 to 500 ng/mL leptin (Linco Re-
(Collaborative Research, Bedford, MA, USA). These search Inc., St. Cherles, MD, USA), (2) 10 to 30 ng/mL
particular microcarriers (mentioned previously as beads) TNF- (Genzyme, Cambridge, MD, USA), (3) 10 to
were selected because they were well utilized in culture 50 ng/mL IGF-II (Sigma RBI, Natick, MA, USA), and
and could easily be cut by microtome. To coat the micro- (4) 10 to 20 ng/mL HB-EGF (Genzyme/Techne, Minne-
apolis, MN, USA).carriers with extracellular matrix (ECM) proteins, Matri-
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Examination of culture cells was examined by the immunohistochemistry for bromo-
deoxyuridine (BrdU, Cell Proliferation Kit; Amersham,In this study, culture cells were examined by six meth-
Arlington Heights, IL, USA), after a 24-hour incubationods. First, phase contrast microscopy was used to contin-
with 30 mg/mL BrdU, as described elsewhere [23]. Touously observe living culture cells. Second, for histology
obtain the index of nuclear BrdU intake, 1000 cells wereand histochemistry, the culture cell-containing collagen
counted and the percentage of BrdU-positive nuclei wasgel was fixed with 10% formalin, embedded in paraffin,
calculated. Finally, to examine the fine structures ofand routinely processed. The deparaffinized sections
MDCK cells, we also performed transmission electronwere stained with hematoxylin and eosin (HE) and peri-
microscopy by the standard method, using materialsodic acid-Schiff (PAS). On the HE staining sections of
fixed with 2.5% glutaraldehyde.cell layer gel obtained from ten blocks in each of the
various conditions, we performed morphological analy- Statistical analysis
ses of culture cells by light microscopy. Structures that
The data obtained through four to five independenthad clearly luminal spaces were judged as reconstructed
experiments were analyzed by one-way analysis of vari-tubules. The number of tubules was counted in 10 ran-
ance (ANOVA). Values represented the mean  SD.dom 200 high-power fields (HPFs, 10  1.15 mm2)
P  0.05 was considered significant.within the HE staining sections. Sizes of the tubules were
determined by measuring their largest diameter, using
an objective micrometer. To detect the basement mem- RESULTS
brane organized by MDCK cells, reticulin silver impreg- Coculture of MDCK cells and adipocytes
nation stain was used. To identify the apical structure (experiment 1A)
formed by MDCK cells, the sections were subjected to
In this condition, MDCK cells and adipocytes are via-the histochemistry of peanut agglutinin (PNA) lectin that
ble. The unilocular adipocytes were completely sphericalspecifically binds the apical surface of -intercalated cells
in shape, each with peripherally located nuclei. Approxi-
of collecting ducts [15–17]. To detect lipid droplets in
mately 20% of MDCK cells adhered to individual adipo-
MDCK cells and adipocytes, oil red O staining also was cytes, and thereafter they proliferated, surrounding the
used, although adipocytes were easily identified with surface of the unilocular adipocytes in a row at two to
their specific-unilocular morphology. Third, for immuno- three days in culture (Fig. 3A). Within five to seven days,
histochemistry, deparaffinized sections were immuno- MDCK cells formed multiple small luminal structures
stained with monoclonal anti-type IV collagen antibody in their cell nests between adipocytes and collagen gel
(Dako Japan Co. Ltd., Kyoto, Japan) by the avidin- (Fig. 3B). These small lumina enlarged through the pro-
biotin complex immunoperoxidase (ABC) method, as liferation of the component MDCK cells and through
described previously [18]. Visualization of the antigen the fusion of small lumina (Fig. 3 C, D). As a result,
was carried out with amino-ethylcarbazole or diamino- MDCK cells organized the tubules of double-cell layer
benzidine (AEC or DAB substrate kit; Nichirei Co., between adipocytes and collagen gel (Fig. 3E). Figure
Ltd., Tokyo, Japan). The result paralleled that of reti- 3F clearly showed that MDCK cells constructed the char-
culin silver impregnation staining. By this method, we acteristic tubular structures surrounding the oil red
examined an expression of leptin receptor in culture O-positive adipocytes. On the other hand, approximately
cells, using a mouse monoclonal antibody (Santa Cruz 70% of MDCK cells apart from the adipocytes aggre-
Biotechnology, Santa Cruz, CA, USA). As a negative gated to each other at two to three days in culture. Within
control, mouse IgG and antibody (1 g) neutralized by five to seven days, they alone formed tubules that had
leptin protein (10 g; Santa Cruz Biotechnology) were no contact with adipocytes (Fig. 4A). The MDCK cells
used instead of primary antibody. As a positive control, that were cocultured with adipocytes reorganized the
perirenal adipose tissue and brain were utilized. In all tubular structures in two different ways by their direct
of culture conditions tested in this study, MDCK cells and indirect interactions. Electron microscopy showed
and adipocytes clearly expressed leptin receptor (data that the component cells of both tubule types had numer-
not shown). Fourth, we studied apoptosis, which has ous microvilli at the apical surface of their luminal struc-
been suggested to be involved in the morphogenesis of tures and formed basal lamina at the basal side con-
MDCK cells [19–21]. According to the manual of Apop- tacting with collagen gel (Fig. 6). These cells also clearly
Tag, using the in situ apoptosis detection kit and peroxi- expressed PAS-positive materials (Fig. 4A) or PNA lec-
dase (Oncor Inc., Gaithersburg, MD, USA), apoptotic tin (Fig. 4B) at the apical side and type IV collagen (Fig.
cells were detected by in situ end labeling of fragmented 5A) at the basal side. These results indicate that the
DNA (TUNEL method) [22]. To obtain the index of specific stromal adipocytes cause MDCK cells to orga-
apoptosis, 1000 cells were counted, and the percentage nize the well-polarized tubules in two different manners
according to their direct and indirect interactions.of apoptotic cells was calculated. Fifth, cell proliferation
Fig. 3. Tubule formation of MDCK cells cocultured with adipocytes. (A) MDCK cells encircle the entire surface of adipocyte in a row at two
days in culture. (B) MDCK cells proliferate and form their cell nest with many small lumina surrounding the adipocyte at five days. (C ) MDCK
cells construct several small lumina in their cell nest at five days. (D) The small lumina enlarge through their fusion at seven days. (E ) MDCK
cells organize a tubule of double cell layer surrounding an adipocyte at seven days. (F ) MDCK cells surround an adipocyte containing lipid droplet
that is shown in a red color by oil red O-hematoxylin stain. The unilocular lipid droplet of an adipocyte was clearly positive. Hematoxylin-eosin
stain (A–E). L, lipid droplet; *, lumen. Scale bar is 10 m.
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Fig. 4. Detection of periodic acid-Schiff (PAS)-
positive materials and peanut lectin agglutinin
(PNA) at the luminal apical surface of MDCK
cells cocultured with adipocytes. (A) PAS-
positive substances are clearly shown at the
luminal apical surfaces of MDCK cells sur-
rounding an adipocyte (left) and are detected
at the apical side of tubule organized by
MDCK cells apart from adipocytes (right).
(B) PNA lectin as well as PAS-positive materi-
als are detected at luminal apical surfaces. L,
lipid droplet; *, lumen formed by MDCK cells
surrounding an adipocyte; **, lumen orga-
nized by MDCK cells alone apart from adipo-
cytes. Scale bar is 10 m.
Culture of MDCK cells alone (experiment 1B) or with trol the morphogenesis of MDCK cells in a specific man-
3T3 fibroblasts (experiment 1C) ner that is different from that of fibroblasts.
In the culture of MDCK cells alone, they aggregated
Coculture of MDCK cells, 3T3 fibroblasts, andwithin one to two days, and subsequently formed small
adipocytes (experiment 1D)tubular structures at five days. In contrast, MDCK cells
As the morphogenesis of MDCK cells was affectedcocultured with 3T3 fibroblasts organized branching tu-
differentially by each of the specific stromal cell typesbular structures within five days. These results clearly sup-
of adipocytes and 3T3 fibroblasts, their joint effects onported further studies on the morphogenesis of MDCK
morphogenesis were examined. Interestingly, there werecells [5]. Interestingly, MDCK cells did not construct dou-
no distinctive differences between the morphogenesis ofble cell-layer tubular structures between the 3T3 fibro-
MDCK cells with adipocytes and that of MDCK cellsblasts and the collagen gel, contacting with the fibroblasts
(data not shown). This suggests that adipocytes may con- with both adipocytes and 3T3 fibroblasts. In a coculture
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Fig. 5. Detection of basement membrane ma-
terials in the coculture of MDCK cells and
adipocytes. (A) Type IV collagen is immuno-
histochemically expressed at the contact side
with the collagen gel (arrowheads) and the
contact side with an adipocyte (double arrow-
heads). (B) Reticulin silver impregnation-pos-
itive materials (arrowhead) are detected at the
basal side of tubule of double cell layer. L,
lipid droplet; *, lumen formed by MDCK cells
surrounding an adipocyte. Scale bar is 10 m.
of the three cell types as well as the two cell types of Proliferation
MDCK cells and adipocytes, approximately 20% of We evaluated the growth of MDCK cells with their
MDCK cells formed tubules that adhered to adipocytes, BrdU intake. The indices of BrdU uptake in MDCK
while approximately 70% of the cells organized tubules cells alone, with adipocytes, and with 3T3 fibroblasts
that did not directly contact the adipocytes. This suggests were 14.7  1.53, 16.8  1.59, and 10.3  0.53%, respec-
that adipocyte-induced morphogenesis of MDCK cells tively. In cocultures of all three cell types, BrdU intake
may not be inhibited by 3T3 fibroblasts. was detected in the cells at an index of 13.7  1.30%.
There was no statistical significance among all of valuesMDCK cells cocultured with Matrigel-coated beads in
mentioned previously, although adipocytes elicited thecollagen gel
highest BrdU intake of MDCK cells in their coculture.
As in this study some MDCK cells actively adhered
to entire surfaces of adipocytes, we speculated on Effects of adipocyte-produced cytokines on MDCK
whether the basement membrane materials of adipocytes cell morphogenesis
could be related to the morphogenesis of MDCK cells. To evaluate the potential role of adipocytes in the
To this end, we cocultured MDCK cells and microcar-
regulatory mechanism of the morphogenesis of MDCK
riers coated with basement membrane protein-rich Ma-
cells, we examined the effects of adipocyte-producedtrigel. About 30% of the cells adhered to individual
TNF-, IGF-II, leptin, and HB-EGF in the culture ofmicrocarriers, and thereafter, they organized the tubules
MDCK cells alone. A total of 10 to 30 ng/mL TNF-,of double cell structures between microcarriers and col-
10 to 50 ng/mL IGF-II, and 10 to 20 ng/mL HB-EGFlagen gel (Fig. 7). In contrast, in coculture the noncoated
did not affect the morphogenesis of MDCK cells. Inmicrocarriers and MDCK cells did not organize double-
particular, MDCK cells with or without these cytokinescell tubular structures between the microcarriers and
organized nonbranching tubular structures, and the sizecollagen gel, although approximately 10% of the cells
of over 70% of tubules in all of the conditions aboveadhered to partial surfaces of the noncoated microcar-
was 50.15  5.14 m. In contrast, leptin affected theriers. This suggests that ECM molecules localized on the
morphogenesis of the cells in a dose-dependent manner.surface of adipocytes may be important in the reorgani-
MDCK cells treated with 100 ng/mL leptin organizedzation of double-cell tubular structures by MDCK cells.
greatly smaller nonbranching tubules than the 10 and
500 ng/mL leptin-treated cells: The sizes of over 70% ofApoptosis
tubules in both the 100 and 10 or 500 ng/mL leptin-As apoptosis is suggested to be involved in the mor-
treated conditions were 30.12 3.13 and 51.11 4.13m,phogenesis of MDCK cells, we also examined the apo-
respectively (P  0.01). This suggests that 100 ng/mLptosis of MDCK cells. The indices of apoptosis in MDCK
leptin may cause MDCK cells to organize smaller tubulescells alone, with adipocytes, and with 3T3 fibroblasts
through a dose-specific enhancement of apoptosis or in-were 30.6  7.45, 21.4  3.96, and 27.3  3.78%, respec-
hibition of cell growth. To estimate this leptin-inducedtively. In the cocultures of all three cell types, apoptosis
phenomenon, we examined its effects on the apoptosiswas detected in the cells at the rate of 16.7  3.70%.
and proliferation of MDCK cells. Apoptotic indices ofThere was no statistical significance among all of the
10, 100, and 500 ng/mL leptin-treated cells were 29.10 previously mentioned values, suggesting that in addition
6.22, 30.26 7.21, and 28.12 6.38%, respectively. BrdUto apoptosis other unknown factors may be involved in
the morphogenesis of MDCK cells. uptakes of 10, 100, and 500 ng/mL leptin-treated cells
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Fig. 6. Electron micrograph of double cell
layer-tubule organized by MDCK cells sur-
rounding an adipocyte at seven days in culture.
(A) MDCK cells form many microvilli (M) at
their luminal surface. (B) MDCK cells show
the basal lamina (arrowheads) at their contact
side with collagen gel. L, lipid droplet. Scale
bar, 5 m (A) and 1 m (B).
were 13.12  3.22, 14.28  4.21, and 12.52  2.92%, action we examined them in culture for seven days.
respectively. There were no statistical differences of apo- MDCK cells on the adipocyte-free collagen gel layer
ptotic indices and BrdU uptakes among 10, 100, and 500 remained flat (Fig. 8A), and the height of the cells was
ng/mL leptin-treated MDCK cells. In the phase contrast 5.0  0.12 m. In contrast, even under no direct contact
microscopy, we noticed that 100 ng/mL leptin-treated of both cell types, cells cultured on an adipocyte-con-
MDCK cells tend to form smaller aggregation of the taining collagen gel layer became cylindrical (Fig. 8B),
cells in collagen gel culture than 10 and 500 ng/mL leptin- and the height of the cells was 8.95  0.11 m. Electron
treated cells. Taken together, these results suggest that microscopy showed cylindrical cells that had numerous
leptin may affect tubulogenesis of MDCK cells through microvilli at the apical side facing the medium, which
its dose-specific regulation of cellular aggregation, but
formed the basal lamina at the basal side confrontingnot through its control of apoptosis and proliferation.
collagen gel. These adipocyte-related phenomena were
not induced by the adipocyte-produced cytokines ofCellular morphology in monolayer culture of MDCK
cells on collagen gel layer with (experiment 2B) or TNF-, IGF-II, leptin, and HB-EGF tested and by at
without adipocytes (experiment 2A) least type I collagen alone, although adipocyte-condi-
tioned medium derived from cultures of adipocytes forTo examine whether adipocytes induce the morpho-
logical changes of MDCK cells under their indirect inter- seven days tended to elicit a slightly cylindrical shape in
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Fig. 8. Monolayer culture of MDCK cells on collagen gel layer without
(A) or with adipocytes (B) at seven days in culture. MDCK cells in a
monolayer culture with or without adipocytes do not organize three-
dimensional tubular structures, although MDCK cells without adipo-
cytes remain flat (A), and with adipocytes become cylindrical (B). a,
adipocyte. Scale bar is 10 m.
Fig. 7. Tubule formation of MDCK cells cocultured with Matrigel-
suggest that not only intrarenal cell types, but also extra-coated microcarriers at seven days in culture. MDCK cells reorganize
tubules of double cell layer (arrows), adhering to partial surfaces of a renal cell types, especially adipocytes, may be involved
microcarrier. M, microcarrier; arrowheads, surface of microcarrier. in the morphogenesis of the renal tubular system.Scale bar is 50 m.
In three-dimensional collagen gel coculture of MDCK
cells and adipocytes, MDCK cells organize two tubule
types under their direct and indirect interactions. In the
MDCK cells even on an adipocyte-free collagen gel layer first type, the epithelial cells actively adhere to adipo-
(data not shown). These data suggest that some adipo- cytes, and thereafter, they construct the characteristic
cyte-produced cytokines, except for TNF-, IGF-II, lep- tubules of a double cell structure in their cellular nest
tin, and HB-EGF, may be associated with cylindrical between adipocytes and collagen gel, surrounding the
cellular polarization of MDCK cells. Also, it is likely entire surface of adipocytes. This suggests that the base-
that the combined effects of adipocyte-derived cytokines ment membrane materials of adipocytes themselves may
may be involved in the structural polarization. Finally, be a suitable microenvironment for the adhesion, growth,
the MDCK cell monolayer cultured on collagen gel with and differentiation of MDCK cells. In the second type,
MDCK cells apart from adipocytes also formed tubulesor without adipocytes never organized three-dimen-
that were independent of the adipocytes. These resultssional tubules, suggesting that a three-dimensional envi-
suggest that MDCK cells participate in the first type ofronment is essential for the normal tubulogenesis of epi-
tubule formation and have a higher affinity for the base-thelial cells.
ment membrane materials of mature adipocytes than the
cells involved in the second type. Interestingly, in any
DISCUSSION coculture with 3T3 fibroblasts, MDCK cells do not form
Although adipocytes do not exist in the normal stroma double-cell structured tubules between the 3T3 fibro-
of the kidney, we attempted to examine the effects of blasts and collagen gel, surrounding fibroblasts. It seems
adipocytes on the morphogenesis of MDCK cells in their likely that MDCK cells show a low affinity for fibroblast-
coculture system, considering that this organ is sur- produced cell surface substances and that adipocytes
rounded by abundant adipose tissue in which adipocytes may control the morphogenesis of MDCK cells in a spe-
would actively function through their production of vari- cific manner that is different from that of fibroblasts.
ous biomolecules [8, 9]. Interestingly, and to our knowl- In addition to the morphogenesis of renal epithelial
edge for the first time, the specific stromal cell-type, cells in a three-dimensional collagen gel culture system,
mature adipocytes caused MDCK cells to organize the other epithelial cell types of the breast, lung, thyroid,
well-polarized tubules in two different ways according and salivary gland reorganize their organ-specific tubular
structures [23–26]. For the reorganization of three-dimen-to their direct and indirect interactions. These results
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sional tubular structures of these epithelial cell types many other biomolecules that are called adipocytokines
in this culture system, a three-dimensional environment [8, 9], further studies are inevitably needed to clarify
seems to be essential because they are unable to recon- the mechanism of the adipocyte-induced renal epithelial
struct completely the three-dimensional tubules in their morphogenesis.
monolayer culture even on collagen gel. As shown pre- Apoptosis is suggested to be involved in the morpho-
viously [23], the basic process of tubule reconstruction genesis of MDCK cells [20–22]. As shown in our current
in this culture system is considered to be as follows. study, the typical stromal cell types of adipocytes and
When isolated epithelial cells are embedded into the 3T3 fibroblasts do not induce any distinctive changes in
three-dimensional collagen gel, the entire surface of the the apoptosis of MDCK cells, although apoptosis was
cells comes into contact with collagen gel matrix. As a clearly observed in the process of the tubule formation
result, the embedded cells are totally deprived of free of MDCK cells. This suggests that other unknown factors
surface, and in this condition, the cells lose their cellular in addition to apoptosis may be involved in the morpho-
polarity. They only have their basal side in contact with genetic mechanisms of MDCK cells under the stromal–
the collagen gel, but no apical side facing the tubular epithelial cell interaction.
lumen. To replace the loss of cellular polarity, the cells In conclusion, our study shows that the specific stromal
seem to reorganize their tubular structures with apical– adipocytes promote the formation of well-polarized tu-
basal polarity, although the precise mechanisms involved bular structures in epithelial MDCK cells under their
in this event remain unclear. Thus, under a direct interac- direct and indirect interactions, suggesting that adipo-
tion of adipocyte-MDCK cells, the MDCK cells appear cytes may be involved in the regulatory mechanisms of
to actively utilize the basement membrane materials of renal epithelial morphogenesis. In particular, the charac-
adipocytes to regain their epithelial polarity. teristic double-cell tubule structures generated by the
For a long time, adipocytes distributed widely to the direct interaction of the adipocyte–MDCK cell may pro-
body have been considered to be a specific stromal cell vide a useful model to study the mechanisms of epithelial
type that stores excessive energy in the form of lipids. polarization under stromal–epithelial cell interaction.
However, in the last few years they have been suggested
to affect the biological behavior of some epithelial cell ACKNOWLEDGMENTS
types through their production of various cytokines
We thank Mr. H. Ideguchi, Mr. S. Nakahara, Mr. F. Mutoh and[27–30]. Our study shows that adipocyte-produced cyto-
Miss A. Fushihara for technical assistance, and we thank Mr. T. Tana-
kines of TNF-, IGF-II, and HB-EGF do not affect the machi and Mr. Y. Tateishi for the photography. We also thank Profes-
morphogenesis of MDCK cells. Our data partly support sor T. Nakamura and Dr. N. Yonemitsu for helpful suggestions.
other studies that basic fibroblast growth factor (bFGF),
Reprint requests to Kanako Shimazu, M.D., Department of Pathol-IGF-I and II, platelet-derived growth factor (PDGF), ogy, Saga Medical School, Nabeshima 5-1-1, Saga 849-8501, Japan.
and transforming growth factor- (TGF-) do not pro- E-mail: g9705@post.saga-med.ac.jp
mote the morphogenesis of MDCK cells [31–33]. Inter-
esting studies show that fibroblast-derived HGF pro- REFERENCES
motes the formation of branching tubular structures in
1. Elsdale T, Bard J: Cellular interactions in morphogenesis of
a collagen gel culture of MDCK cells [6, 7]. In our current epithelial mesenchymal systems. J Cell Biol 63:343–349, 1974
2. Gumbiner BM: Epithelial morphogenesis. Cell 69:385–387, 1992study, the adipocyte-produced cytokine leptin induces a
3. Cunha GR, Bigsby RM, Cooke PS, et al: Stromal-epithelial inter-smaller tubule formation, but not the organization of
actions in adult organs. Cell Differ 17:137–148, 1985
branching tubules. Also, MDCK cells do not form the 4. Kitamura H, Shibagaki T, Inayama Y, et al: Growth and differenti-
branching tubules in the coculture of MDCK cells with ation of human distal airway epithelial cells in culture: Effects of
small amounts of serum in defined medium. Lab Invest 63:420–428,adipocytes and 3T3 fibroblasts. Taken together, these
1990results suggest that HGF is a promoting effector for the 5. Montesano R, Schaller G, Orci L: Induction of epithelial tubular
branching morphogenesis of MDCK cells, while leptin morphogenesis in vitro by fibroblast-derived soluble factors. Cell
66:697–711, 1991may be its inhibitory factor. In addition, the urinary
6. Montesano R, Matsumoto K, Nakamura T, et al: Identificationtubular system has a site-specific size of tubules, for ex-
of a fibroblast-derived epithelial morphogen as hepatocyte growth
ample, rat proximal tubules (40 to 60 m), Henle’s loop factor. Cell 67:901–908, 1991
(10 to 15 m), distal tubules (25 to 45 m), collecting 7. Santos OFP, Moura LA, Rosen EM, et al: Modulation of HGF-
induced tubulogenesis and branching by multiple phosphorylationtubules (40 to 100 m), and collecting ducts (200 to
mechanisms. Dev Biol 159:535–548, 1993400 m). As described in our present study, leptin seems 8. Maeda K, Okubo K, Shimomura I, et al: cDNA cloning and expres-
to affect the size of tubules organized by MDCK cells sion of a novel adipose specific collagen-like factor, apM1 (AdiPose
most abundant gene transcript 1). Biochem Biophys Res Communin a dose-specific manner. Thus, leptin may be involved
221:286–289, 1996in regulating the site-specific size of the renal tubular
9. Maeda K, Okubo K, Shimomura I, et al: Analysis of an expression
system, although the precise mechanisms remain unclear. profile of genes in the human adipose tissue. Gene 190:227–235,
1997Finally, because adipocytes are expected to produce
Shimazu et al: Adipocyte effects on MDCK cells578
10. Stuart RO, Nigam SK: Development of the tubular nephron. 22. Gavrieli Y, Sherman Y, Ben-Sasson SA: Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNASemin Nephrol 15:315–326, 1995
fragmentation. J Cell Biol 119:493–501, 199211. McAtter JA, Evan AP, Gardner KD: Morphogenic clonal growth
23. Toda S, Sugihara H: Reconstruction of thyroid follicles fromof kidney epithelial cell line MDCK. Anat Rec 217:229–239, 1987
isolated porcine follicle cells in three-dimensional collagen gel12. Wang AZ, Wang JC, Ojakian GK, et al: Determinants of apical
culture. Endocrinology 126:2027–2034, 1990membrane formation and distribution in multicellular epithelial
24. Bennett DC: Morphogenesis of branching tubules in cultures ofMDCK cysts. Am J Physiol 267:C473–C481, 1994
cloned mammary epithelial cells. Nature 285:657–659, 198013. Rodbell M: Metabolism of isolated fat cells. I. Effects of hormones
25. Sugihara H, Toda S, Miyabara S, et al: Reconstruction of alveolus-on glucose metabolism and lypolysis. J Biol Chem 239:503–508,
like structure from alveolar type II epithelial cells in three-dimen-1964
sional collagen gel matrix culture. Am J Pathol 142:783–792, 199314. Elsdale T, Bard J: Collagen substrata for studies on cell behavior.
26. Durban EM: Mouse submandibular salivary epithelial cell growthJ Cell Biol 54:626–637, 1972
and differentiation in long-term culture: Influence of the extracellu-15. Wojnowski L, Gassner B, Steigner W, et al: Endothelin-1 blunts
lar matrix. In Vitro Cell Dev Biol 26:33–43, 1990transepithelial transport and differentiation of Madin-Darby ca-
27. Sugihara H, Yonemitsu N, Toda S, et al: Unilocular fat cells innine kidney cells. Pflu¨gers Arch 420:508–514, 1992
three-dimensional collagen gel matrix culture. J Lipid Res 29:691–16. Pfaller W, Gstraunthaler G, Kersting U, et al: Carbonic anhy-
697, 1988drase activity in Madin Darby canine kidney cells: Evidence for
28. Tokuda Y, Toda S, Masaki Z, et al: Proliferation and differentia-intercalated cell properties. Ren Physiol Biochem 12:328–337, 1989
tion of rat dorsal prostatic epithelial cells in collagen gel matrix17. Schuster VL, Bonsib SM, Jennings ML: Two types of collecting
culture, focusing upon effects of adipocytes. Int J Urol 6:509–519,duct mitochondria-rich (intercalated) cells: Lectin and band 3 cyto-
1999chemistry. Am J Physiol 251:C347–C355, 1986
29. Misago N, Toda S, Sugihara H, et al: Proliferation and differentia-18. Bowszyc-Dmochowska M, Hashimoto T, Dmochowski M, et al: tion of organoid hair follicle cells co-cultured with fat cells inEvaluation of an avidin-biotin-peroxidase method with a mono- collagen gel matrix culture. Br J Dermatol 139:40–48, 1998clonal antibody to type IV collagen in the differential diagnosis 30. Yamada S, Toda S, Shin T, et al: Effects of stromal fibroblasts
of bullous pemphigoid and epidermolysis bullosa acquisita. J Der- and fat cells and an environmental factor air exposure on invasion
matol 24:217–222, 1997 of laryngeal carcinoma (HEp-2) cells in a collagen gel invasion
19. Lin HH, Yang TP, Jiang ST, et al: Bcl-2 overexpression prevents assay system. Arch Otolaryngol Head Neck Surg 125:424–431, 1999
apoptosis-induced Madin-Darby canine kidney simple epithelial 31. Barros EJ, Santos OF, Matsumoto K, et al: Differential tubulo-
cyst formation. Kidney Int 55:168–178, 1999 genic and branching morphogenetic activities of growth factors:
20. Tang MJ, Hu JJ, Lin HH, et al: Collagen gel overlay induces Implications for epithelial tissue development. Proc Natl Acad Sci
apoptosis of polarized cells in cultures: Disoriented cell death. Am USA 92:4412–4416, 1995
J Physiol 275:C921–C931, 1998 32. Cantley LG: Growth factors and the kidney: Regulation of epithe-
21. Saelman EU, Keely PJ, Santoro SA: Loss of MDCK cell alpha lial cell movement and morphogenesis. Am J Physiol 271:F1103–
2 beta 1 integrin expression results in reduced cyst formation, F1113, 1996
failure of hepatocyte growth factor/scatter factor-induced 33. Balkovetz DF: Hepatocyte growth factor and Madin-Darby ca-
branching morphogenesis, and increased apoptosis. J Cell Sci nine kidney cells: In vitro models of epithelial cell movement and
morphogenesis. Microsc Res Tech 43:456–463, 1998108:3531–3540, 1995
